ABSTRACT: The present experiment was designed to investigate the subsequent influences of supplementing different levels of intact green seaweed Ulva lactuca (0%, 3%, and 5% DM) to growing sexually immature lambs during the growth period (74 d) on the seminal and testicular characteristics of sexually mature rams. Ulva lactuca was manually collected, adequately prepared, and then incorporated into lambs' diets. Eighteen male 3-mo-old lambs of the Awassi breed with a mean BW of 22.57 kg (SD = 1.08) were randomly assigned into treatments. The obtained results indicate that offering Ulva lactuca at the level of 3% or 5% DM to lambs during the growth period had no subsequent impacts (P > 0.05) on liver and kidney functions as well as blood water balance in rams, thereby suggesting that Ulva lactuca can be safely supplemented to lambs during growing. However, our findings point out that feeding a lamb diet supplemented with intact Ulva lactuca failed to demonstrate any subsequent benefit (P > 0.05) on the growth performance, thermoregulatory responses, and plasma oxidative status in rams. Above all, it was clearly evident that supplementing intact Ulva lactuca to lambs had demonstrated subsequent negative influences (P < 0.05) on seminal and testicular characteristics of rams, more noticeably observed at the 5% DM inclusion rate than at 3%. These results were manifested by the inferior (P < 0.05) seminal quality, reduced (P < 0.05) testicular morphometry, changes (P < 0.05) in testicular histopathology, defective (P < 0.05) endocrine signaling, and increased (P < 0.05) seminal oxidative stress in rams fed diets supplemented with Ulva lactuca during the growth period compared to control rams. The deleterious impacts of feeding intact Ulva lactuca on spermatogenesis and germ cell loss were proven to be attributed to the dysfunction of Sertoli cells. Collectively, these results provide novel insights on the subsequent influences of dietary supplementation of intact Ulva lactuca to lambs. The consistent evidence of profound negative impacts on seminal and testicular characteristics as well as the resulting data of no improvement of subsequent growth, thermoregulation, and plasma oxidative status in rams prompts us to tentatively recommend the avoidance of feeding intact Ulva lactuca to lambs.
INTRODUCTION
Because of the recognition that feed shortage constitutes a serious problem that is particularly prevalent in developing countries, a large number of researchers have been investigating the substantial role of new approaches, especially when sustainable growth in animal production is demanded. Among these approaches is identifying alternative high-quality feed resources at a minimum cost.
Seaweed is a term used to describe autotrophic brown, green, or red algae that accumulate each year at certain seasons on certain coastal zones. Because seaweed is rich in carbohydrates, proteins, vitamins (A and E), minerals (selenium, zinc, and iodine), and numerous biologically active compounds (fucoidan, laminarin, betaine, and alginic acid), seaweed has previously been incorporated into animals rations. Our search in the literature illustrates that supplementing intact seaweed or its extract has lowered the stress (Archer et al., 2007 (Archer et al., , 2008 ; Kannan et al., 2007a,b; Abdoun et al., 2013) , boosted the immunity and improved resistance to bacteria (Allen et al., 2001a,b; Saker et al., 2001 Saker et al., , 2004 Turner et al., 2002; Bach et al., 2008) , upregulated body antioxidant status (Fike et al., 2001; Saker et al., 2001 Saker et al., , 2004 Kannan et al., 2007a,b) , improved the productive performance and carcass quality (Al-Shorepy et al., 2001; Montgomery et al., 2001; Turner et al., 2002; El-Banna et al., 2005; Okab et al., 2008; Abudabos et al., 2012) , and lowered the body temperature of animals subjected to unfavorable environmental conditions (Spiers et al., 2004; Williams et al., 2009) . Furthermore, seaweed has also been observed to have positive effects on semen characteristics and fertility traits in ruminant (Kellogg et al., 2006; Yates et al., 2010) and nonruminant animals (Okab et al., 2008 subjected to stressful conditions. Nevertheless, to our knowledge, no data exist evaluating the subsequent effect of feeding seaweed to growing sexually immature animals on the reproductive performance of sexually mature animals. Thus, the present experiment was designed to identify the subsequent influences of supplementing different levels of intact Ulva lactuca seaweed in the diet of growing sexually immature lambs on physical and biochemical characteristics of the seminal plasma as well as morphometric and histological characteristics of the testicular tissue in sexually mature rams. It was hypothesized that the inclusion of intact Ulva lactuca in lamb diets during the growth period would enhance the seminal and testicular characteristics of rams during the maturity period.
MATERIALS AND METHODS
All procedures described in this experiment were approved by the Faculty Research Ethics Committee at King Saud University.
Location
The present experiment was conducted at the experimental station (+24°48′ N, +46°31′E) affiliated with the Department of Animal Production, College of Food and Agriculture Sciences, King Saud University, Riyadh, Saudi Arabia.
Seaweed Collection
Seaweed used in the present experiment was manually collected from the Mediterranean coast. It was identified and authenticated by taxonomists as belonging to the species Ulva lactuca, a green algae of the division Chlorophyta. Afterward, seaweed was prepared and incorporated into lamb diets as follows: 1) seaweed were rinsed, without applying any pressure, first with seawater and then with distilled water to remove excess salt and mineral deposits, 2) seaweed were sun-dried for 48 h and then oven-dried at 60°C for 72 h, and 3) seaweed were ground through a 1-mm stainless-steel screen using a Wiley mill grinder (Arthur H. Thomas, Philadelphia, PA) and then kept at the room temperature until usage. The chemical composition of Ulva lactuca is presented in Table 1 .
Animals, Management, and Experimental Design
Eighteen healthy male lambs of the Awassi breed with a mean live BW of 22.57 kg (SD = 1.08) and age of 3 mo were used for the experiment. They were randomly segregated into 3 shaded blocks containing 3 pens each, and each pen housed 2 lambs. All animals were maintained throughout the experiment in the same blocks and pens and received 1 of 3 experimental diets on the basis of the inclusion rate of Ulva lactuca: 0% (Control), 3% (Diet 1), and 5% (Diet 2) of DMI/d at 2.5% BW. Experimental diets were formulated to contain similar concentrations of CP (160 g/kg) using the recommendations of NRC (2007) . Samples of each diet were dried at 70°C for 24 h, ground through a 1-mm sieve, and then analyzed. Ingredients, nutrients, and mineral compositions of experimental diets are shown in Table 2 .
The present experiment was essentially divided into 4 periods going from the beginning of March to the end of September 2012 (213 d). Period I (March 2 to 31, 30 d) was an adjustment period, where all lambs (3 mo old) were acclimatized to their pens, fed the control diet, and treated with anthelmintic. Period II (April 1 to June 13, 74 d) was the growth period, where lambs (4 mo old) started receiving the experimental diets, and their performance parameters (feed intake, BW gain, and feed conversion efficiency) were measured. Period III (June 14 to July 30, 47 d) was labeled as a transitional period to let the lambs (6.5 mo old) attain their sexual maturity. It is worth mentioning that all lambs were fed the control diet during this period. Finally, period IV (July 31 to September 30, 62 d) was the adulthood period, where sexually mature rams (8 mo old) were maintained on the control diet and used to identify the subsequent effects of feeding intact Ulva lactuca during the growth period on the seminal and testicular characteristics. To ensure that lambs consumed the daily allotment of seaweed during period II, experimental diets were offered twice daily (0700 and 1600 h), and water was offered ad libitum. Meanwhile, the control diet and water were offered ad libitum during other periods.
Climatic Conditions
Ambient temperature (Ta) and relative humidity (RH) were recorded in the blocks at 30-min intervals throughout the experimental periods using 2 data loggers (Hobo ProSeries data logger, model H08-032-08, Onset Co., Cape Cod, MA) mounted at a height of approximately 2 m from the ground and placed away from direct sources of heat, sunlight, and water. Special data logging software (BoxCar Pro 4, Onset Co.) was applied to program the loggers and for data analysis. To estimate the environmental severity on the animals during the experiment, collected Ta and RH data were both used for calculating the temperaturehumidity index (THI) according to Kelly and Bond (1971) .
Biophysiological Responses
For lambs (during period II), the feed intake of each pen was measured on a daily basis by subtracting the refusal weight from the total weight of offered feed; then individual feed intakes were calculated. Additionally, individual BW were recorded weekly, in the morning before experimental diets were introduced, utilizing a standard balanced measure to the nearest 0.10 kg. Thereafter, daily weight gains as well as feed conversion ratios were calculated.
For rams (during period IV), BW changes were determined on a weekly basis before the morning feed. In addition, several thermophysiological measurements, such as body and skin temperatures as well as respiratory rate, were determined once per week between 1200 and 1300 h. A calibrated digital rectal thermometer that measures to the nearest 0.10°C was used to determine body temperatures. An infrared thermometer was used to measure skin temperatures in shaved areas at the right shoulder and hip regions. Meanwhile, a stethoscope was used to record respiratory rates of rams by counting 10 breaths, and then recording the time (in seconds) to be expressed thereafter as number of breathes per minute.
Blood Collection and Analyses
During period IV, blood samples (9 mL) were collected weekly via jugular venipuncture into EDTA tubes (for hematological analysis) and plain tubes (for serological analysis). Collected samples were placed inside an ice box and immediately transferred to the laboratory to be analyzed. Within approximately 1 h after collection, the packed cell volume (PCV) was measured in EDTA tubes using the microhematocrit method, whereas sera were separated by centrifugation of the plain tubes at 1,500 × g for 10 min 4°C and then stored at −20°C until analysis. Colorimetric assays were used to spectrophotometrically quantify serum total protein (g/dL), albumin (g/dL), sodium (mmol/L), potassium (mmol/L), total antioxidant capacity (TAC, mmol/L), aspartate aminotransferase (AST, IU/L), and alanine aminotransferase (ALT, IU/L) using commercial kits (Randox Laboratories Ltd., Crumlin, UK). Globulin levels (g/dL) were calculated as the difference between measured total protein and albumin concentrations. Enzymatic colorimetric assays were conducted for serum cholesterol (mg/ dL) and glucose (mg/dL) using commercial kits (Randox Laboratories Ltd.). The vapor pressure method was adopted to determine serum osmolality (mosmol/L) using a vapor pressure osmometer (Vapro 5600, WESCOR Inc., Logan, UT). Meanwhile, commercially available ELISA kits were used for quantitative determination of circulating LH (ng/mL; NovaTec Immundiagnostica GmbH, Dietzenbach, Germany), FSH (ng/mL; NovaTec Immundiagnostica GmbH), thyroid-stimulating hormone (TSH, mIU/L; DRG Instruments, Marburg, Germany), testosterone (ng/ mL; BioCheck Inc., Foster City, CA), and 17β-estradiol (E 2 , pg/mL; DRG Instruments) according to the manufacturer instructions. Concentrations of these hormones were detected using an ELISA microplate reader (Labsystems Multiskan EX, MTX Labsystems Inc., Vienna, VA). Intraand interassay CV, sensitivity, and linearity estimates for blood assays are shown in Table 3 .
Semen Collection and Analyses
During period IV, semen samples were collected at room temperature in the morning once per week using the electroejaculator method, where an electronic probe was placed in the rectum to stimulate ejaculation through a series of short electrical stimuli. The ejaculated semen was collected in a rubber funnel terminating at a transparent graduated tube measuring to the nearest 0.10 mL. Immediately after collection, the ejaculate volume was measured using a graduated tube, and the appearance of the ejaculate was scaled as watery (0), cloudy (1), milky (2), creamy (3), or thick and creamy (4) according to Ayoub et al. (2013) . Thereafter, the ejaculates were immersed in a water bath (37°C ± 2°C) and transported to the laboratory for assessment. Water temperature reached 35°C ± 2°C when the ejaculates arrived at the laboratory. Semen analysis was performed within approximately 30 min of collection using a computer-assisted sperm analyzer (CASA) of an integrated visual optical system (IVOS II, Hamilton Thorne Inc., Beverly, MA). The setup parameters for sheep semen were preestablished according to the manufacturer's instructions. For each semen sample, at least 20 fields were examined for the following parameters: sperm concentration (10 6 /mL), percentage of motile spermatozoa (motility > 5 μm/s), percentage of progressively motile spermatozoa (motility > 20 μm/s), velocity of a curved line (VCL, μm/s), velocity of a straight line (VSL, μm/s), velocity of the average path (VAP, μm/s), linearity (LIN = VSL/VCL), straightness (STR = VSL/VAP), and wobble (WOB = VAP/VCL). Furthermore, packed sperm volume (PSV) was determined by the conventional microhematocrit method as used for determining blood PCV. In addition, percentages of live, dead, and abnormal spermatozoa for each sample were assessed using the eosin-nigrosin staining technique. Briefly, a drop of stain was mixed with a drop of pure semen and extended on the slide. Then, 100 spermatozoa were counted using a light microscope at 1000× magnification. The unstained spermatozoa with a normal appearance were determined as live spermatozoa, the unstained spermatozoa with an abnormal appearance were classified as abnormal spermatozoa, and stained spermatozoa were designated as dead spermatozoa.
Afterward, seminal plasmas were separated from ejaculates by centrifugation at 1,500 × g for 10 min at 4°C. The recovered plasma fractions were stored at −20°C until analysis. Seminal TAC (mmol/L) was measured as done for serum TAC. Oxidative biomarkers in the seminal plasma such as malondialdehyde (MDA, nmol/mL) and hydrogen peroxide (H 2 O 2 , nmol/mL) were colorimetrically assayed using commercial reagent kits (United Diagnostics Industry, Dammam, Saudi Arabia). Transaminase activities (AST and ALT) were colorimetrically assayed using commercial reagent kits (Randox Laboratories Ltd.), and then the AST/ALT ratios were calculated. Furthermore, ELISA kits (DRG Instruments) were used for quantitative determinations of triiodothyronine (T 3 , ng/mL) and thyroxine (T 4 , nmol/L) concentrations in the seminal plasma, and then an ELISA microplate reader (Labsystems Multiskan EX, MTX Labsystems Inc.) was used for screening. Intra-and interassay CV, sensitivity, and linearity estimates for seminal assays are shown in Table 3 . It is worth mentioning that the same technician oversaw all of the semen collection and analysis processes.
Testicular Morphometric Measurements
Morphometric measurements of the rams' testes (i.e., scrotal circumference and length as well as testicular length and width) were performed once on the last day of the experiment using a tape measure. The scrotal circumference was measured at the point of the greatest circumference of the scrotum, whereas the scrotal length was measured by obtaining the vertical distance between the ventral abdominal wall and distal poles of the testes. In addition, the width of each testicle was measured at the same point where the scrotal circumference was measured, and the length was measured by manipulating the testes to obtain the distance between the proximal and distal poles of the testis.
Testicular Biopsy and Histology
Testicular biopsies were obtained once on the last experimental day using the percutaneous technique. Briefly, after the right testis was shaved and thoroughly scrubbed, a disposable semiautomatic gun (Speedy-Ram, Agoram, Mirandola, Italy) with a large core (14-gauge) was directed diagonally along the testicular longitudinal axis and toward the rete testis. The biopsy was obtained by firing the gun with the tip firmly applied onto the testis. Thereafter, small amounts of topical antibiotic were placed on the biopsy site. No apparent discomfort of the animals was observed during or after the procedure.
The obtained biopsies were immediately fixed in Bouin's solution for 4 h, followed by dehydration in ethanol and xylene, and then they were embedded in paraffin. Each sample was cut into 3 cross sections of 5 μm and affixed to glass slides, followed by deparaffinization and rehydration and subsequent staining with hematoxylin and eosin (H&E).
Examination of histological cross sections was performed in duplicate by 2 technicians using a light microscope at 400× magnification and included 1) assessment of the spermatogenic activity of the testis, 2) determination of daily sperm production, 3) quantification of Sertoli cells, and 4) testicular tissue scoring. Assessment of the spermatogenic activity of the testis was performed by specifying the percentage of seminiferous tubules exhibiting complete spermatogenesis. Average percentages were computed for each section by dividing the total number of spherically appearing seminiferous tubules containing spermatids with condensed and elongated nuclei by the total number of spherical tubules. Daily sperm production per testis (×10 9 ) was estimated by dividing the total number of elongated spermatids in 1 spherical tubule by a time divisor of 5.58 d, which equals the number of days of sperm production represented by the elongated spermatids in small ruminant (França et al., 1999) . All spherical tubules per cross section were assessed, and then values were averaged. Further, the number of Sertoli cells per testis (×10 9 ) was calculated according to the formula adopted from Berndtson et al. (1987) after being modified for small ruminants: Sertoli cells = total spermatids + (spermatid:Sertoli)/0.413, where total spermatids is the total number of elongated spermatids in 1 spherical seminiferous tubular cross section, spermatid:Sertoli is the ratio of spermatids to Sertoli cells in the same tubule, and the factor 0.413 is an adjustment factor because elongated spermatids are present for only 5.58 d of the 10.6-d spermatogenic cycle in small ruminants (França et al., 1999) . Once again, all spherical tubules were assessed for each cross section, and the numbers were averaged. Finally, testes were scored according to a system depending on 5 cellular associations according to Abou El-Roos et al. (2000) , where score 0 was given for seminiferous tubules lined only with basement membrane and Sertoli cells and score 5 was granted for tubules contained spermatogonia, intermediate spermatogonia, spermatocytes, spermatids, and spermatozoa.
Statistical Analysis
Experimental data were analyzed as a randomized complete block design using the PROC MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). For data consisting of a single measurement, the statistical model included the fixed effect of dietary treatment and the random effect of block. For data consisting of serial measurements, time (as a repeated measure) was included in the model together with dietary treatment and their interaction as fixed effects, whereas the block was included as a random effect. Data were subjected to ANOVA using α = 0.05. Means showing significant differences in ANOVA were tested using the PDIFF option. The probability value, which denotes statistical significance, was P < 0.05. Means and their pooled SEM are presented, unless otherwise indicated.
RESULTS

Climatic Conditions
Simple descriptive analyses for meteorological data recorded during the 4 experimental periods are presented in Table 4 . The obtained results showed that overall means of Ta approximately increased by more than 10°C from the beginning of the experiment in March (period I) to the end in September (period IV), whereas overall means of RH showed the opposite trend. To incorporate the effects of both Ta and RH, THI was commonly used to quantify the degree of heat stress on livestock (Bohmanova et al., 2007; Vitali et al., 2009) . Throughout the experiment, the THI pattern mirrored the Ta pattern because of the decreased RH pattern. Calculated average THI values prevailing during the experimental periods ranged from 60 to 86, with an average of 73.61 ± 4.92 (SD; Table 4 ).
Influence on Biophysiological Responses
Supplementing diets with intact Ulva lactuca had no effects (P > 0.05) on daily feed intake, BW gain, and feed conversion efficiency of growing lambs (data not shown). Similarly, no influence (P > 0.05) was observed on the final BW, body and skin temperatures, respiratory rate, and blood PCV, total protein, albumin, globulin, osmolality, sodium, potassium, glucose, cholesterol, serum TAC, AST, and ALT in rams fed diets treated with intact Ulva lactuca during the growth period (Table 5) .
Influence on Blood Endocrine Functions
Dietary inclusion of intact Ulva lactuca had variable effects on blood endocrine responses. In comparison with the control rams, results have shown that no differences (P > 0.05) were found in serum TSH concentration (Table 5 ) and LH and testosterone concentrations (Fig. 1) in rams fed diets supplemented with different levels of Ulva lactuca during the growth period. However, it was clear that serum FSH concentration increased (P < 0.05) in rams fed Diet 1 and further increased (P < 0.05) in rams fed Diet 2, whereas serum E 2 concentration exhibited the opposite trend, decreasing (P < 0.05) in rams fed Diet 1 and further decreasing (P < 0.05) in rams fed Diet 2 (Fig. 1) .
Influence on Seminal Characteristics
In general, physical and biochemical characteristics of semen samples collected from rams fed diets supplemented with intact Ulva lactuca during the growth period were negatively affected (P < 0.05) compared to rams fed the control diet (Tables 6 and 7) . Although the ejaculate volume did not differ between rams, the ejaculate appearance scale indicated that semen was cloudy to milky in rams fed Diet 1 and almost watery in rams 2 During the growth period, rams were fed a control diet containing 0% Ulva lactuca (C), a diet containing 3% Ulva lactuca (T1), or a diet containing 5% Ulva lactuca (T2).
3 Treatment × time interaction (P < 0.05).
4 Body temperature was measured using a calibrated digital rectal thermometer. fed Diet 2 during the growth period (Table 6 ). Overall, means of PSV, sperm concentration, percentages of live, motile, and progressive motile sperms, and all kinematic parameters (VCL, VSL, VAP, LIN, STR, and WOB) were lower (P < 0.05) in rams fed Diet 1 and lowest (P < 0.05) in rams fed Diet 2 during the growth period (Table 6). In addition, results revealed that overall means of dead and abnormal sperm percentages increased (P < 0.05) in rams fed both Ulva lactuca-treated diets during the growth period (Table 6 ). Furthermore, feeding intact Ulva lactuca to lambs had a noticeable influence on the testicular antioxidant system of rams, where the overall mean of seminal TAC decreased (P < 0.05) while the overall means of MDA and H 2 O 2 increased (P < 0.05) in rams fed Ulva lactuca-treated diets during the growth period (Table 7) . Similarly, AST level and AST/ALT ratio in seminal plasma increased (P < 0.05) in rams fed Diet 1 and further increased (P < 0.05) in rams fed Diet 2, whereas ALT level increased (P < 0.05) only in rams fed Diet 2 during the growth period (Table 7) . On the other hand, there was no subsequent effect (P > 0.05) of dietary treatments during the growth period on seminal T 3 and T 4 concentrations in rams (Table 7) .
Influence on Testicular Characteristics
Testicular morphometric measurements of rams fed Diet 1 during their growth period exhibited no difference (P > 0.05) in comparison with rams fed the control diet (Table 8 ). On the contrary, feeding lambs Diet 2 decreased (P < 0.05) the scrotal circumference and length as well as the length and width of both testicles in rams (Table 8) . Furthermore, histological examination of cross sections has shown that both Ulva lactuca-treated diets reduced (P < 0.05) overall means of tubules percentage with elongated spermatids, daily sperm production per testis, and testes score (Table 8 ). In fact, testes score revealed that rams fed Diet 2, with an average score of 1.40 out of 5, had seminiferous tubules containing Sertoli cells, spermatogonia, and at most intermediate spermatogonia with a cellular arrest in other cellular associations. Meanwhile, rams fed Diet 1, with an average score of 2.60 out Figure 1 . Average serum concentrations of (a) LH, (b) FSH, (c) testosterone, and (d) 17β-estradiol (E 2 ) in rams fed diets supplemented with different levels of the seaweed Ulva lactuca during the growth period. For all panels, C = control diet containing 0% Ulva lactuca, T1 = diet containing 3% Ulva lactuca, and T2 = diet containing 5% Ulva lactuca. Data are presented as the mean ± SEM. Bars bearing an asterisk are significantly different (P < 0.05) than controls. of 5, had normal seminiferous tubules to some extent, but interspersed with some nonfunctional tubules; rams fed the control diet, with a score of 3.92 out of 5, had a nearly uniform picture of normal spermatogenesis (Fig. 2) . Interestingly, dietary Ulva lactuca supplementation to lambs has no influence (P > 0.05) on the overall mean number of Sertoli cells per testis in rams (Table 8) .
DISCUSSION
The present experiment was conducted to determine whether supplementing different levels of intact Ulva lactuca (3% and 5% DM) in the diet of growing lambs would enhance the subsequent seminal and testicular characteristics in rams. To our knowledge, this is the first report on the reproductive responses of rams to a dietary Ulva lactuca supplementation during their growth period.
Feeding intact Ulva lactuca at the level of 3% or 5% DM to lambs during the growth period had no subsequent impacts on the health status of rams based on the findings that liver and kidney functions as well as blood water balance were not altered by dietary Ulva lactuca, thereby suggesting that intact Ulva lactuca can be safely supplemented into lambs' diets. Nevertheless, feeding lambs diets supplemented with intact Ulva lactuca during the growth period failed to demonstrate any benefits to their growth performance. The absence of response on growing lambs in the present experiment may explain the lack of response to the final BW of mature rams. These findings are consistent with previous reports on sheep (Al-Shorepy et al., 2001; Saker et al., 2001; Bach et al., 2008) , goats (Yates et al., 2010) , pigs (Leonard et al., 2010 (Leonard et al., , 2012 Michiels et al., 2012) , beef steers (Allen et al., 2001a) , and dairy cows (Pompeu et al., 2011) but contradict other reports in steers (Williams et al., 2009 ), rabbits (El-Banna et al., 2005 Okab et al., 2008) , and pigs (Gardiner et al., 2008; McDonnell et al., 2010; O'Doherty et al., 2010) . Furthermore, our results indicated that dietary inclusion of intact Ulva lactuca during the growth period had no subsequent effects on body and skin temperatures or respiratory rate of rams. In agreement, Cvetkovic et al. (2005) previously observed that dietary supplementation of Tasco (a processed meal prepared from the brown seaweed Ascophyllum nodosum) during the summer season had no effect on body temperature or respiratory rate in dairy cows. On the contrary, Archer et al. (2007) fed diets containing 2% Ascophyllum nodosum extract to lambs exposed to stressful conditions (heat and transportation) and reported a reduction in their body temperatures compared to controls. Similarly, several other authors showed that inclusion of Tasco had a short-term effect in reducing body temperature and respiratory rate in Table 6 . Physical characteristics of semen collected from rams fed diets supplemented with different levels of the seaweed Ulva lactuca during the growth period (n = 6 rams per treatment) 2 During the growth period, rams were fed a control diet containing 0% Ulva lactuca (C), a diet containing 3% Ulva lactuca (T1), or a diet containing 5% Ulva lactuca (T2).
3 Treatment × time interaction (P < 0.05). hydrogen peroxide, T 3 : triiodothyronine, T 4 : thyroxine, AST: aspartate aminotransferase, and ALT: alanine aminotransferase.
2 During the growth period, rams were fed a control diet containing 0% Ulva lactuca (C), a diet containing 3% Ulva lactuca (T1), or a diet containing 5% Ulva lactuca (T2).
beef steers (Spiers et al., 2004; Williams et al., 2009) . It is possible that the disparity between these studies may be attributed to the variation of the dietary seaweed type (brown vs. green), quality (digestible nutrients and ash contents), inclusion process (intact or extract), inclusion rate (0.2% to 5% DM), and concentrations of biologically active compounds (phenolic and alginates). Most important, it was clearly evident that supplementing intact Ulva lactuca to lamb diets demonstrated subsequent negative influences on seminal and testicular characteristics in rams. Estimating semen quality is important in determining the reproductive efficiency in male animals, where it has been documented to be highly correlated with sperm fertilizing ability (Gundogan, 2006; Robayo et al., 2008; Alvarez et al., 2012) . The present data revealed that dietary supplementation of Ulva lactuca at 3% and 5% DM to lambs affected the seminal quality in rams. This indicates that dietary supplementation of intact Ulva lactuca during the growth period reduces the sperm production reserve and may subsequently affect the reproductive efficiency in rams during the adulthood. Notably, these results contradict our previous reports that dietary supplementation of Ulva lactuca at 1% and 2% DM to mature rabbits enhanced the reproductive performance by improving semen fertility characteristics of buck rabbits (Okab et al., 2008 ) and prolificacy a-c Means within the same row bearing different superscripts are significantly different at P < 0.05.
1 During the growth period, rams were fed a control diet containing 0% Ulva lactuca (C), a diet containing 3% Ulva lactuca (T1), or a diet containing 5% Ulva lactuca (T2).
2 Due to the effect of dietary treatment alone (P < 0.05).
3 Testicular tissues were scored according to a system depending on 5 cellular associations, where score 0 was given for seminiferous tubules lined only with Sertoli cells and basement membrane and score 5 was granted for tubules contained spermatogonia, intermediate spermatogonia, spermatocytes, spermatids, and spermatozoa (Abou El-Roos et al., 2000). characteristics of doe rabbits . Furthermore, Yates et al. (2010) reported an enhancement in the seminal quality of mature goats receiving Tasco at 2% DM compared to controls. Although it is difficult to compare our results with these studies since none of them administrated the seaweed during the growth period, it is possible that these discrepancies may relate to the reason that various animal species (ruminant vs. nonruminant) and ages (growing vs. mature) may respond differently to various seaweed species (Ulva vs. Ascophyllum).
To confirm our results, seminal analysis was combined with other measures. Several studies reported that measuring the testicular morphometry can provide a reliable guide to testicular sperm production capacity and can be considered potentially useful measurements for male selection (Kridli et al., 2007; Ali Abdullahi et al., 2012) . Our results revealed that the inclusion of Ulva lactuca at 5% DM, but not at 3% DM, in lambs' diets decreased the scrotal length and circumference as well as the testicular length and width in rams. This shows that feeding intact Ulva lactuca to lambs at a high rate (5% DM) reduces the subsequent sperms reserve in rams. The histological examinations of the testicular biopsies, on the other hand, revealed that supplementing Ulva lactuca to lambs at both rates (3% and 5% DM) had profound impacts on the spermatogenic activity and germinal epithelium of the seminiferous tubules in rams. This was manifested by the reduction in overall means of the percentage of tubules with elongated spermatids in addition to daily sperm production per testis. These reductions were subsequently reflected on the testes score, where it was revealed that testes with lower scores were considered hypoplastic and belonged to rams fed diets supplemented with intact Ulva lactuca during their growth period. Apparently, these histopathological changes seem to be permanent; therefore, they bear substantial evidence for the noticeable impacts of feeding intact Ulva lactuca during the growth period on the testicular tissue and probably on the reproductive efficiency in rams.
The reason for these observations may relate to several factors. According to Hess and de França (2008) , the mammalian testis performs 2 main functions: spermatogenesis and steroidogenesis. Spermatogenesis is a cellular process occurring within the seminiferous tubules of the testis with the support of a sustentacular somatic cell, i.e., a Sertoli cell. These cells provide the required microenvironment for proliferation and differentiation of spermatogonial germ cells into spermatozoa (Sharpe, 1994) . Several authors reported that the number of Sertoli cells established during testicular development determined the rate of sperm production in sexually mature animals (Berndtson et al., 1987; Johnson et al., 2008) . Interestingly, dietary supplementation of intact Ulva lactuca to growing lambs in the present experiment had no subsequent effect on the number of Sertoli cells per testis in rams. This implies that Sertoli cells are not responsible for the observed detrimental influence of feeding intact Ulva lactuca to lambs but also raises questions about the effect of intact Ulva lactuca on the functionality of Sertoli cells.
Therefore, the possible mechanism for the reduced seminal and testicular characteristics by intact Ulva lactuca supplementation is due to the hormonal regulation of steroidogenesis. According to Langford et al. (1998) , endocrine hormones are important for sperm production, and their variation may affect the reproductive performance in ovine species. Adequate steroidogenesis in the testis is mainly dependent on the viability and functionality of Leydig and Sertoli cells (Haynes and Schanbacher, 1983; Sharpe, 1994) . In the presence of a functional LH receptor, pulsatile release of gonadotropin LH induces testosterone synthesis in the Leydig cells (Lincoln, 1988; Haider, 2004) . Testosterone is the primary hormone that is responsible for semen production, spermatogenesis, and sexual behavior in mature male animals (Schanbacher et al., 1974; Asadpour et al., 2008) . Therefore, determining blood levels of testosterone and LH concentrations is essential in the assessment of Leydig cell function. Results from the present experiment revealed that blood levels of testosterone and LH were not affected in rams fed diets supplemented with intact Ulva lactuca during the growth period, thereby attesting that the viability and functionality of Leydig cells are intact and the negative impacts of feeding intact Ulva lactuca on the testicular tissue are attributed to Sertoli cell function.
Functional assessment of Sertoli cells in livestock is typically evaluated by measuring the ability of Sertoli cells to produce inhibin B, E 2 , and anti-Mullerian hormone (Adamopoulos et al., 2003; Oatley et al., 2005; Bhardwaj et al., 2012) in addition to FSH and TSH levels in the blood (Arambepola et al., 1998; Kilgour et al., 1998) as well as T 3 and T 4 levels in the semen (Van Haaster et al., 1992; Cooke et al., 1994) . Several researchers observed that the presence of thyroid hormones is essential for the proliferation and differentiation of Sertoli cells during the critical period of testicular development, where Sertoli cells are considered the true target for T 3 (Todini, 2007; Singh et al., 2011) . In the present experiment, dietary inclusion of Ulva lactuca during the growth period elicited no influence on blood TSH concentration as well as seminal T 3 and T 4 concentrations, which obviously indicates that the impacts of feeding intact Ulva lactuca are independent of thyroid hormones. On the other hand, FSH plays a key role in initiating and maintaining the testicular development through its receptor on the Sertoli cells (Orth, 1984; Kilgour et al., 1998) . In the presence of FSH, the activity of the aromatase enzyme is stimulated in Sertoli cells as well as other testicular cells to synthe-size estrogens (E 2 is the predominant estrogen), which in turn plays an essential role in the development and maintenance of germ cell viability through its receptor on Sertoli cells (Mahato et al., 2001; Carreau and Hess, 2010; Lucas et al., 2011) . The present findings revealed that the blood concentration of gonadotropin FSH increased while E 2 decreased in rams fed intact Ulva lactuca during the growth period compared to control rams. Collectively, this evidence attributes the subsequent deleterious effects of feeding intact Ulva lactuca on the spermatogenesis in rams to the dysfunction of Sertoli cells.
This conclusion was actually confirmed by further analysis of blood and seminal plasmas for oxidative biomarkers. Our results revealed that feeding intact Ulva lactuca to lambs did not improve blood TAC level, whereas it reduced seminal TAC level (an index for antioxidant enzymes activity) and increased seminal levels of MDA (an index for lipid peroxidation), H 2 O 2 (an index for hydrogen peroxidation), AST, and AST/ALT ratio (index for acrosomal membrane damage) in rams. This indicates that the observed defective spermatogenesis in Ulva lactuca-treated rams is actually related to the subsequent prominent influence of reactive oxygen species on Sertoli cells during testicular development, which disrupted their architecture, impaired their capacity against oxidative assault, adversely affected their function, and ultimately may result in reproductive infertility at maturity. In fact, data from several studies have previously illustrated that oxidative stress is the key mechanism leading to the destruction of the intra-and extracellular architecture of Sertoli cells as well as germ cells, which resulted in germ cell apoptosis, defective endocrine signaling, low spermatogenesis and sperm motility, poor fertilization capability, imperfect embryo implantation, birth defects, and genetic diseases (Sanocka and Kurpisz, 2004; Okab and Ayoub, 2005; Turner and Lysiak, 2008; Bucak et al., 2010; Bansal and Bilaspuri, 2011) .
Multiple studies have shown that exposure to heavy-metal toxicants can cause testicular oxidative stress (Lucesoli and Fraga, 1995; Oteiza et al., 1999; Meng and Bai, 2004; Marchlewicz et al., 2007) , and others have reported the adverse effects of these inorganic toxicants on testicular functions, including ultrastructural changes in sperm cells, disturbance in spermatogenesis, reduction in sperm reserve, and infertility (Rao et al., 1989; Koizumi and Li, 1992; Hsu et al., 1997; Wellejus et al., 2000; Bansal and Bilaspuri, 2007) . In the present experiment, analysis of Ulva lactuca and experimental diets for mineral composition showed high concentrations of some minerals (sulfur, iron, iodine, and copper in Ulva lactuca, although only sulfur and iodine in Diet 2) that surpassed the maximum tolerance level according to NRC (2005) . These results suggest that the subsequent deleterious effects of inclusion of Ulva lactuca on Sertoli cell function and spermatogenesis in rams may be related to its content of heavy-metal toxicants, but only in the case of the 5% inclusion rate and not at 3%. Therefore, other avenues are possible.
In fact, the observed responses herein may relate to the effect of bioactive compounds as well as organic toxicant present in intact Ulva lactuca. In agreement, Michiels et al. (2012) observed that the dietary supplementation of intact brown seaweed Ascophyllum nodosum did not enhance the plasma oxidative status in piglets. Additionally, several studies reported that the exposure to certain Sertoli cell toxicants (i.e., 2,5-hexanedione, carbendazim, and phthalates) can induce testicular oxidative stress and result in germ cell apoptosis and irreversible testicular atrophy in mature rats (Lim and Miller, 1997; Boekelheide et al., 2005; Moffit et al., 2007) . Therefore, further research is definitely imperative to pinpoint the exact reason. Studying the subsequent influences of feeding lambs diets supplemented with an Ulva lactuca extract (and thus specifically eliminating the effect of bioactive compounds as well as organic and inorganic toxicants) on the seminal and testicular characteristics of rams is probably essential to link and compare the cascade of events in rams when feeding intact vs. Ulva lactuca extract to lambs.
Implications
Supplementing intact Ulva lactuca in lambs had no subsequent effects on the health status of rams. However, we have demonstrated for the first time that feeding diets containing different levels of intact Ulva lactuca (3% and 5% DM) to lambs had subsequent deleterious influences on seminal and testicular characteristics in rams, where the impact was more noticeably observed at the 5% DM inclusion rate than at 3%. We therefore reject our hypothesis of improving seminal and testicular characteristics in rams by the inclusion of intact Ulva lactuca in lamb diets. These observations may imply that the negative effects of intact Ulva lactuca occur at the local testicular level and not at the systemic level. The consistent evidence of profound negative impacts on seminal and testicular characteristics as well as the resulting data showing no improvement to the subsequent growth, thermoregulation, and plasma oxidative status in rams prompts us to tentatively recommend the avoidance of feeding intact Ulva lactuca to lambs. However, it is possible that feeding an Ulva lactuca extract to lambs may alleviate the negative effects of feeding intact Ulva lactuca and subsequently may improve the seminal and testicular characteristics as well as other fertility measure in rams. Research is currently being undertaken to assert such possibility.
